Introduction {#Sec1}
============

A mechanical brain injury destroys nerve cells and their connections, and leads to transitory or irreversible impairment of functional subsystems within the surrounding areas \[[@CR1]\]. Moreover, the blood--brain barrier, which under normal conditions protects nervous tissue from direct external influences, is broken \[[@CR2], [@CR3]\]. Consequently, the homeostasis of nerve and glial cells is interrupted.

According to clinical studies, epilepsy is a common outcome of brain injuries, and almost 50% of patients with penetrating brain injuries (traffic accidents, missile wounds) develop seizures \[[@CR4], [@CR5]\]. The present paper is the continuation of our previous investigation concerning the role of trace elements in the pathogenesis and progress of epileptic seizures \[[@CR6]\]. In the paper by Chwiej et al. \[[@CR6]\] from 2008, changes in the levels and distributions of Ca, Cu, Zn and Br in the rat brain experiencing pilocarpine-induced seizures were described. As has been frequently reported, trace elements play important roles in processes underlying the function of the normal brain. For example, Zn is strongly involved in the regulation of neuronal metabolism \[[@CR7]--[@CR10]\]. On the other hand, increased Zn levels can be cytotoxic and responsible for neuronal death \[[@CR11], [@CR12]\].

In the study described in this paper, we intended to verify if an increased susceptibility of the injured brain to epileptic seizures is associated with elemental anomalies located close to the lesion site and/or at longer distances. Because trace metals may participate in the processes involved in the neurodegenerative changes of the nervous tissue, elucidating the anomalies in their levels and distributions may be crucial to advancing our understanding of the processes that influence the functional modification of the brain as a result of simultaneous neurodegenerative and regenerative processes.

Our previous studies showed that elemental anomalies occurring in the brain are often limited only to selected anatomical structures. Because of this, it is necessary to take into account the spatial resolution that is achievable using the method chosen for elemental analysis. In this study, we used the synchrotron-based X-ray fluorescence (SRXRF) technique, which, besides micrometer spatial resolution, offers detection limits that are as good or even better than those possible to obtain using other methods of multielemental analysis \[[@CR13]--[@CR15]\]. The other advantages of SRXRF, such as high sensitivity, nondestructiveness, and the potential to simultaneously analyze many elements, provide a wide range of opportunities for its use as a tool for the multielemental imaging of thin tissue sections \[[@CR16]\].

Animals {#Sec2}
=======

All animal-use procedures were approved by the Bioethical Commission of Jagiellonian University in accordance with international standards. Adult Wistar rats were obtained from an animal colony of the Institute of Pediatry, Collegium Medicum, Jagiellonian University, Krakow, and maintained under conditions of controlled temperature (20 ± 2 °C) and illumination (12-h light:12-h dark cycle). A solid diet (Labofeed) and water were available ad libitum.

Brain lesioning {#Sec3}
===============

Thirty-day-old male rats were anesthetized with pentobarbital (Vetbutal, Biowet, Poland, 30 mg/kg i.p.). Under aseptic conditions, a lesion was made in the left cerebral hemisphere by inserting a rotating dental drill down to the white matter underlying the cerebral cortex while avoiding complete perforation of the cerebral hemisphere wall. The depth of drill penetration into the brain was proportional to the brain size and was set using a limiting plastic ring fixed on the drill. The diameter of the drill was 1.2 mm. Subsequently, the skin was sutured and the animals were returned to their cages. Figure [1](#Fig1){ref-type="fig"} shows the location of the lesion in the rat brain. This brain lesion model was used in our previous studies on glial response to injury \[[@CR17], [@CR18]\] and on its epileptogenic effects \[[@CR19]\].Fig. 1The location of the lesion site in the rat brain

Epilepsy induction {#Sec4}
==================

The rats received a single i.p. injection of pilocarpine (300 mg/kg, Sigma P6503) on day 60 of their postnatal development. Scopolamine methyl bromide (1 mg/kg, Sigma S8502) was injected i.p. 30 min prior to pilocarpine to reduce its peripheral effects. Pilocarpine was injected between 9 and 10 a.m. to avoid circadian changes in seizure vulnerability.

The animals were continuously observed during a 6-h period. Motor symptoms were rated on a six-point scale used in our previous studies \[[@CR20]\].

Tissue preparation {#Sec5}
==================

On day 60 of postnatal development all animals received a lethal dose of pentobarbital and were perfused transcardially with physiological saline solution of high analytical purity. The content of trace elements in the solution was additionally monitored using the total reflection X-ray fluorescence method at the X-ray Laboratory of the Department of Medical Physics and Biophysics (Faculty of Physics and Applied Computer Science, University of Science and Technology).

The brains were excised, frozen and cut using a cryomicrotome into 15-μm thick slices. The specimens of the dorsal part of the hippocampus \[[@CR21]\] were mounted on Ultralene foil and freeze-dried.

Elemental analysis {#Sec6}
==================

X-ray fluorescence microscopy was used for qualitative, quantitative and topographic elemental analysis of nervous tissue from rats with the mechanical brain injury. The measurements were done at HASYLAB beamline L. The energy of the exciting beam was set to 17 keV and polycapillary optics was used as a focusing system, which allowed us to obtain a final beam spot of 15 × 15 μm. A Vortex SDD detector from SII NanoTechnology USA Inc. was applied to measure the X-ray fluorescence spectra, and the acquisition time for each spectrum was 10 s. Measurements of NIST standard reference materials (SRM 1833 and SRM 1832) were performed for spectrometer calibration.

Results {#Sec7}
=======

Two slices from each brain sample were examined using X-ray fluorescence microscopy. The first section included the area of injury and the second the dorsal part of the hippocampal formation.

Sections with lesion areas were used to analyze the differences in elemental composition between the injured (IN) and uninjured (UI) hemispheres, as well as to compare the animals that had mechanical brain injuries with controls (C). Typical elemental maps obtained for such slice are presented in Fig. [2](#Fig2){ref-type="fig"}.Fig. 2Maps of elemental distribution (in each map, the*colors* indicate the mass per unit area of the element in question in μg/cm^2^, as quantified by the*scale to the right of each map*) obtained for a section including an area of injury; *i* the area of injury, *c* gray matter, *wm* white matter

As one can notice in the Fig. [2](#Fig2){ref-type="fig"}, strong accumulation of metals such as: Ca, Fe, Cu was characteristic for the area of injury and/or the tissue closely adjacent to the lesion site. Obviously, the main source of these increased levels of Fe and Ca is the calcified hematoma that develops as a result of brain barrier disruption \[[@CR22], [@CR23]\]. However, because it cannot be excluded that such a result is also partially the consequence of the application of a dental drill in order to produce the brain damage, and this fact could significantly affect the obtained results, in subsequent quantitative analysis we decided to focus on brain structures that were not directly related to the tissue surrounding the damaged brain area.

The quantitative elemental analysis was performed in the way presented in our previous paper \[[@CR6]\], and the mass per unit area of each element was calculated. Additionally, detection limits were evaluated for typical measurement conditions and all of the elements present in the tissue samples. The detection limits calculated for measurements of animals with mechanically injured brains were compared to those obtained previously for measurements of epileptic (SE) and control (C) groups (Table [1](#Tab1){ref-type="table"}).Table 1Comparison between the elemental detection limits obtained during the measurements of IN and SE--C samplesElementsDL (SD)IN samplesSE and C samplesP0.231 (0.007)0.256 (0.008)S0.081 (0.001)0.104 (0.003)Cl0.0368 (0.0006)0.053 (0.001)K0.0169 (0.0002)0.027 (0.001)Ca0.0063 (0.0001)0.0147 (0.0008)Fe0.00058 (0.00003)0.00109 (0.00004)Cu0.0008 (0.0001)0.00067 (0.00003)Zn0.0007 (0.0001)0.00074 (0.00003)Se0.0007 (0.0004)0.0017 (0.0008)Br0.000050 (0.000003)0.00046 (0.00002)Rb0.00037 (0.00002)0.00038 (0.00003)*DL* the detection limit in μg/cm^2^, *SD* the uncertainties calculated at the 95% confidence level

For the areas of gray (GM) and white matter (WM) (see Fig. [2](#Fig2){ref-type="fig"}), the mean masses per unit area of elements were evaluated. The typical sizes of the areas taken into account in the calculations were 500 × 500 and 300 × 300 μm^2^, respectively. The elements for which the average values were higher than the detection limits calculated for the nervous tissue (P, S, Cl, K, Ca, Fe, Cu and Zn) were taken into account in further analyses.

For all of the compared areas and groups, the median of the mean mass per unit area of each element was evaluated. The significance of any difference between median values was tested using the nonparametric Mann--Whitney *U* test \[[@CR24]\]. This particular statistical test was chosen due to the small size of the examined population (seven animals with mechanical brain injury, six epileptic, and five control cases examined), which did not allow us to test the normality of the distribution of the analyzed data. The results of the statistical analysis are shown in Fig. [3](#Fig3){ref-type="fig"}, while statistically significant differences between the analyzed areas of injured and control brains are summarized in Table [2](#Tab2){ref-type="table"}.Fig. 3Presentation of the median values of the mean mass per unit area of each element in gray (GM) and white matter (WM) from injured (IN) and uninjured (UI) brain hemispheres as well as in control (C) casesTable 2Statistically significant differences between the analyzed areas of injured and control brainsAreas (I vs. II)ElementContent in area I^a^Content in area II*p* valueGM_UI vs. GM_CP2.993.660.09GM_UI vs. GM_CK8.0410.490.03GM_IN vs. GM_CCa0.1180.1150.09GM_UI vs. GM_CCa0.1800.1150.09WM_IN vs. WM_CFe0.02350.01600.04WM_UI vs. WM_CFe0.01750.01600.09*GM* gray matter, *WM* white matter, *UI* uninjured hemisphere of injured brain, *IN* injured hemisphere of injured brain, *C* control brain^a^The median value of the mean mass per unit area (in μg/cm^2^) of the element in the compared area

It is apparent from Fig. [3](#Fig3){ref-type="fig"} that there were no significant differences in the elemental compositions of both gray and white matter between the injured and uninjured brain hemispheres. However, some anomalies were observed for animals with mechanical brain injuries in comparison with the control group. Lower levels of P (*p* = 0.09) and K (*p* = 0.03) in gray matter from the uninjured hemisphere were observed for rats with mechanical brain injuries in comparison with the controls. For gray matter in both hemispheres, higher levels of Ca were observed in the mechanically injured brains. A similar relation was observed for Fe and the area of white matter.

The results obtained for sections including the dorsal part of the hippocampus were compared with the data recorded previously for epileptic and control groups \[[@CR6]\]. In this case, the mean mass per unit area of each element was evaluated for four areas of hippocampal formation: sectors 1 and 3 of Ammon's horn (CA1 and CA3, respectively), the dentate gyrus (DG) and the hilus (H) of DG. The typical size of the compared areas was 300 × 300 μm^2^. The two-dimensional distributions of the analyzed elements are presented in Fig. [4](#Fig4){ref-type="fig"}. Median values of the mean mass per unit area of each element in the examined areas from the three compared groups are shown in Fig. [5](#Fig5){ref-type="fig"}. Moreover, Table [3](#Tab3){ref-type="table"} shows the statistically significant differences that were found between the analyzed groups.Fig. 4Distributions of mass per unit area (in μg/cm^2^) for selected elements recorded in animals with mechanically injured brainsFig. 5Median values of the mean mass per unit area for elements in selected areas of hippocampal formation from animals with brain lesions (IN) and those in the epileptic (SE) and control (C) groupsTable 3Statistically significant differences found for the analyzed hippocampal areas between animals with brain injuries and those representing the epileptic and control groupsAreas (I vs. II)ElementContent in area I^a^Content in area II*p* valueDG_IN vs. DG_CP3.264.660.06H_IN vs. H_CP3.914.030.06H_IN vs. H_CK9.9911.290.06CA1_IN vs. CA1_SECa0.1480.1970.09DG_IN vs. DG_SECa0.1540.1850.05CA3_IN vs. CA3_CFe0.02330.03200.09DG_IN vs. DG_CCu0.003410.006190.02CA3_IN vs. CA3_CZn0.05000.07170.02DG_IN vs. DG_CZn0.03920.07420.03*DG* dentate gyrus, *H* hilus, *CA1 and CA3* sectors 1 and 3 of Ammon's horn, *IN* animal with mechanical brain injury, *SE* animal with pilocarpine-induced seizures, *C* control case.^a^The median value of the mean mass per unit area (in μg/cm^2^) of the element in the compared area

Statistically significant decreases in the mass per unit area of P in the DG (*p* = 0.06) and H (*p* = 0.06) areas of hippocampal formation were observed for animals with brain lesions in comparison with those in the control group. Analogous relations were found for Cu in the DG (*p* = 0.02) and for Zn in the CA3 (*p* = 0.02) and DG (*p* = 0.03) areas. It should also be mentioned that identical changes in exactly the same areas were previously observed for animals with pilocarpine-induced epilepsy.

The evaluation of the differences between rats with mechanical brain injuries and epileptic animals indicated significantly lower levels of Ca in the CA1 (*p* = 0.09) and DG (*p* = 0.05) hippocampal areas for the first examined group.

Discussion and conclusions {#Sec8}
==========================

In this paper, the results of an elemental analysis carried out on mechanically injured rat brains are presented for the first time. As already shown \[[@CR19]\], this injury produces a permanent modification of the brain structure, and thus significantly increases its susceptibility to seizure-inducing agents. According to clinical reports, approximately half of the patients who suffer a penetrating brain injury may also develop epilepsy \[[@CR25]--[@CR28]\]. Generally, the risk of post-traumatic epilepsy increases with lesion severity; nevertheless, epileptogenesis can also be triggered by very small lesions \[[@CR29]\]. Other severe insults with strongly epileptogenic features include cerebrovascular diseases, such as stroke \[[@CR30]\]. Finally, the occurrence of status epilepticus itself can also lead to epilepsy when evoked with different pathological conditions \[[@CR30]\]. All of these forms of brain damage, despite their different inciting events, seem to share a common molecular mechanism, including an increase in extracellular glutamate concentration that leads to increased intracellular neuronal calcium and finally to neuronal injury and/or death \[[@CR30]\].

During brain injury, as in epilepsy, interruption of the brain's blood supply leads to an ischemic and/or a hypoxic condition, which is/are characterized by a depletion of energy phosphates and a related failure of ionic pumps, increased extracellular potassium, neuronal depolarization, and the release of excitatory amino acids, such as glutamate \[[@CR31]\]. Moreover, after a mechanical brain injury has been created in 1-month-old animals, as in our experiment, the glial scar constitutes a physical barrier that is impermeable to growing axons \[[@CR32]\], making the restoration of damaged neural connections impossible. Within the region of the injury, many cells undergo apoptotic or necrotic changes. Some of them, however, can survive and create aberrant connections, underlying the increased susceptibility of the injured brain to spontaneous epileptic discharges or to seizuregenic stimuli, and finally facilitating the occurrence of status epilepticus. For these reasons, our current research focuses on the elemental analysis of injured and epileptic brains, in order to characterize common molecular pathways that underlie the described phenomena.

In our previous studies, we observed statistically significant changes in the accumulation of selected elements (Ca, Cu and Zn) in specific areas of the hippocampal formation and cortex after pilocarpine-induced seizures \[[@CR6]\]. We also showed an increased susceptibility to seizures after a neocortical injury \[[@CR19]\]. Therefore, it appeared reasonable to check if epileptogenic effects of penetrating brain injury were associated with elemental anomalies similar to those observed following pharmacologically induced status epilepticus.

The results obtained in this study did not confirm the existence of any statistically significant differences in the elemental compositions of gray and white matter between injured and uninjured brain hemispheres (despite the presence of the area of injury and the tissue closely adjacent to the lesion site in the gray matter). The comparison of animals with a brain lesion and the control group showed a lower level of P in gray matter of the uninjured hemisphere as well as in the H and DG sectors of hippocampal formation. In the first two of the above-mentioned areas, lower masses per unit area of K were also observed for animals with neocortical brain injury.

For animals with mechanical brain injury, increased mass per unit area of Ca, as compared to controls, was observed for gray matter from both injured and uninjured brain hemispheres. In turn, such differences in Ca accumulation were not noticed for any of the analyzed hippocampal areas. The correlation of these observations with our previous findings concerning anomalies in Ca distribution occurring as a result of pilocarpine-induced SE (increased levels of Ca in the CA1 and CA3 hippocampal areas and the neocortex) seems to suggest that the role of Ca in the creation of epileptogenic discharges is limited to the areas that are the direct target for the epileptogenic factor.

The mass per unit area of Fe was significantly higher in the white matter of both hemispheres in animals with focal brain lesions comparing to controls. The most probable source of free iron is the lysis of red blood cells that are the main component of a hematoma arising as a result of the blood--brain barrier disruption. The process of erythrocyte lysis occurs a few days after injury and involves the degradation of heme by heme oxygenase into iron, carbon monoxide, and biliverdin \[[@CR33]\].

The most interesting findings seem to be the abnormalities in the distribution of Cu and Zn observed for the animals with brain lesions. The observed relations and their localizations are exactly the same for the animals with mechanical injury and pilocarpine-induced SE. This would suggest that these two metals, much more then Ca, play a very important role in the common molecular pathways that finally lead to the acquired epilepsy.

These similarities were not, however, totally expected, because the brain injuries were made in 30-day-old animals and their long-term effects were observed 30 days later (i.e., on postnatal day 60), while seizures were induced in 60-day-old animals and their brains were taken for analysis 6 h after pilocarpine injection \[[@CR6]\]. Therefore, it can be supposed that changes induced by acute seizures may accumulate on the basis of the pre-existing long-term post-injury changes, so they have an extra strong influence on the susceptibility to seizures observed in the previously injured brain \[[@CR19]\].

The decreased level of Zn observed in the damaged brain at P30 confirms the results of Yeiser \[[@CR34]\], who found that only neonatal brain damage increases the amount of Zn accumulation in response to injury, and so this accumulation appears to be highly age dependent.

The present study shows pathological changes in the elemental levels using selected but separate experimental paradigms (i.e., models of long-term effects of mechanical brain injury and of temporal lobe epilepsy involving pilocarpine-induced seizures). The results obtained raise a question about the possible contribution of the observed changes to the increased susceptibility to seizures observed in the injured brain. Therefore, the next step of our research is to further explore this problem using a combination of the two models to check the changes that actually occur following seizures induced in the previously injured brain.
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